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The dependence of the dynamic properties of liquid metals and Lennard-Jones fluids on the characteristics
of the interaction potentials is analyzed. Molecular-dynamics simulations of liquids in analogous conditions but
assuming that their particles interact either through a Lennard-Jones or a liquid-metal potential were carried
out. The Lennard-Jones potentials were chosen so that both the effective size of the particles and the depth of
the potential well were very close to those of the liquid-metal potentials. In order to investigate the extent to
which the dynamic properties of liquids depend on the short-range attractive interactions as well as on the
softness of the potential cores, molecular-dynamics simulations of the same systems but assuming purely
repulsive interactions with the same potential cores were also performed. The study includes both single-
particle dynamic properties, such as the velocity autocorrelation functions, and collective dynamic properties,
such as the intermediate scattering functions, the dynamic structure factors, the longitudinal and transverse
current correlations, and the transport coefficients. @S1063-651X~99!07707-7#
PACS number~s!: 61.20.Lc, 61.20.JaI. INTRODUCTION
Rare gas liquids and liquid metals are two of the most
representative families of simple liquids. The interatomic
forces for the former are usually modeled by Lennard-Jones
~LJ! potentials whereas the situation for the latter is some-
what more complicated because of the presence of the con-
duction electrons. However, the pseudopotential theory @1#
allows us to describe the behavior of ions in liquid metals by
considering a simple one-component fluid of electrically
neutral pseudoatoms, which interact through an effective liq-
uid metal ~LM! potential. The repulsive cores of these effec-
tive interactions are softer than those corresponding to the LJ
interactions in rare gas liquids. Moreover, the LM potentials
show an oscillatory tail due to the conduction electrons. A
deep understanding of the relationship between the proper-
ties of different liquids and the characteristics of the corre-
sponding interaction potentials is of great interest to set up
the microscopic basis of the liquid-state behavior as well as a
useful guide for obtaining more refined potential models.
Thus, it would be interesting to relate the most characteristic
features of the LM and LJ potentials to the different proper-
ties of the corresponding liquids.
Since the pioneering work of Rahman @2# on liquid Rb,
the analogies and differences between the properties of liquid
metals and those of liquefied inert gases have been the sub-
ject of discussion. It is now well known that differences be-
tween the structure of these two kinds of liquids are rather
small @3#. On the contrary, the differences among the dy-
namic properties of liquid metals and rare gas liquids are
larger and not completely understood. The velocity autocor-
relation functions of liquid metals show more pronounced
oscillations than those for rare gas liquids @4# and the range
of wavelength in which liquid metals and rare gas liquids can
support longitudinal and transverse collective modes arePRE 601063-651X/99/60~1!/551~8!/$15.00markedly different @5#. The differences in the dynamic prop-
erties of liquid metals and Lennard-Jones fluids are ordi-
narily attributed to the different softness of their potential
core @6#. However, it has been also suggested that the effects
of the attractive forces can be important in certain thermo-
dynamic states @7,8#. Besides, the dynamic properties of ex-
panded liquid metals are quite similar to those of LJ fluids
@9#.
The differences between the properties of liquid metals
and rare gas liquids as well as their dependence on the dis-
tinctive features of the corresponding interaction potentials
were usually based on the results of realistic computer simu-
lations of liquids at different temperatures and densities
@4,6#. Thus, the discrepancies in the resulting properties can-
not be only attributed to the differences in their interaction
potentials. In this paper we compare the dynamic properties
obtained from realistic simulations of liquid Li with those for
Lennard-Jones fluids at the same thermodynamic conditions
~temperature, number density, and atomic mass!. Two LM
potentials @10–12#, which reproduce the most characteristic
properties of liquid Li together with the corresponding LJ
potentials, have been considered. The parameters of the LJ
potentials were chosen so that both the effective size of par-
ticles and the depth of the potential well were very close to
the ones of the corresponding LM potentials. These LJ simu-
lations do not correspond to any realistic liquid but to a
liquid model. However, the differences between the proper-
ties of these LM and those of the associated LJ systems may
be unambiguously attributed to the interaction potentials.
In order to investigate the extent to which the dynamic
properties of liquids depend on the attractive interatomic
forces, molecular-dynamics ~MD! simulations of the same
systems but assuming purely repulsive potentials with the
same potential core than either the LM or the LJ potentials
were also carried out. Moreover, the comparison of the re-551 ©1999 The American Physical Society
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analyze the influence of the softness of the potential cores on
the different properties of the system. The idea of consider-
ing the effects of the repulsive and attractive part of the
potential is quite old and was already considered in very
early theoretical studies of liquids @13#. Because of the can-
cellations of the attractive interatomic interactions the repul-
sive forces basically determine the structure of dense nonas-
sociated liquids and perturbation methods such as the WCA
theory @14# have been successfully applied to the study of the
structure and thermodynamic properties of different systems
@15#. However, the influence of the attractive and repulsive
interactions on the dynamic properties is little known, espe-
cially in the case of collective properties such as those stud-
ied in this paper.
II. COMPUTER SIMULATIONS
MD simulations of systems made up of 668 particles with
the mass of Li7 enclosed in a box with ordinary periodic
boundary conditions were carried out. The density and tem-
perature were chosen close to the triple point of Li (r
54.451231022 Å23; T5470 K). The properties of the
simulated liquids were determined from the configurations
generated over runs of about 105 time steps. The integration
time step was of 3 fs. The k-dependent properties were cal-
culated for ten different k values between 0.25 Å21 and 4.08
Å21. The rather low number of particles considered in this
study did not allow us to consider values of k smaller than
0.25 Å21. Since MD simulations with low number of par-
ticles can produce some spurious results we have performed
an extra simulation for the LM1 potential ~Fig. 1! using 1750
particles and considering ten k values between 0.185 Å21
and 2.5 Å21. However, we have not observed any significant
difference between the MD results from this simulation and
those from the simulation with 668 particles.
Two effective LM potentials were considered. The former
~LM1!, which is based on a pseudopotential with no adjust-
able parameters, was determined from the atomic number
and density of the system by using the neutral pseudoatom
method @10#. The second ~LM2! is based on the Ashcroft
pseudopotential and has an adjustable parameter, the core
radius, which was determined by fitting the height of the
main peak of the static structure factor to the experimental
FIG. 1. Interatomic potentials: LM1 and LM2 ~solid lines!; LJ1,
LJ2, and LJ3 ~dashed lines!.value. More details about these potentials are given in Refs.
@10–12#. Despite LM2 showing a first well markedly shal-
lower and located at higher r values than that of LM1 ~Fig.
1!, both the structure and dynamic properties resulting from
MD simulations using these two potential models are quite
close and show a good accordance with the available experi-
mental data for liquid Li @10,11#. Other effective potential
functions recently proposed for liquid Li @16# are intermedi-
ate between LM1 and LM2 but closer to the former. More-
over, when reduced units are used the potential functions for
other liquid-alkali metals are intermediate between those for
LM1 and LM2 @8,17#. Thus, LM1 and LM2 may be consid-
ered as two extreme potential models for simple liquid met-
als.
We also carried out MD simulations of atoms with the
mass of Li7 but assuming LJ potentials with s and « equal to
the first zero and to the depth of the first minimum of the LM
potentials, respectively. The LJ potentials corresponding to
LM1 and LM2 will be termed LJ1 and LJ2, respectively. For
the sake of comparison we also performed MD simulations
with an intermediate LJ potential ~with s35s1 and «3
5«2), which will be termed LJ3. The five potential functions
are represented in Fig. 1 and the corresponding s and «
parameters are summarized in Table I. Moreover, we carried
out MD simulations of the same systems but truncating the
interactions at the position of the first minimum of the po-
tential functions. These five purely repulsive potentials will
be termed @repulsive liquid metal ~RLM! and repulsive
Lennard-Jones ~RLJ!# RLM1, RLM2, RLJ1, RLJ2, and
RLJ3. It should be pointed out that the cores of the LJ po-
tentials are markedly steeper than the ones of the correspond-
ing LM potentials.
Although the most significant properties of liquid Li as-
suming either the LM1 or the LM2 potential are similar, the
size of particles as well as the relation between the kinetic
energy and the depth of the potential well are significantly
lower for LM1 than for LM2. Thus, we have determined the
states of the different simulated systems in reduced units,
according to the usual definitions (r*5rs3, T*5kBT/«)
and using the parameters s and « of the LJ potentials. The
reduced densities and temperatures of the MD simulations
with LM1 and LJ1 are markedly lower than those with LM2
and LJ2, respectively ~Table I!. So the simulations with these
potentials correspond to rather extreme thermodynamic con-
ditions ~in reduced units! and they can provide valuable in-
formation about the dependence of the results on the effec-
tive densities and temperatures. The MD simulations with
TABLE I. Length and energy parameters ~s and «! of the dif-
ferent potentials. Reduced densities and temperatures (r* and
T*) corresponding to the systems considered in this paper (r
54.451231022 Å23 and T5470 K).
LM1, RLM1
LJ1, RLJ1
~state 1!
LM2, RLM2
LJ2, RLJ2
~state 2!
LJ3, RLJ3
~state 3!
s ~Å! 2.57 2.95 2.57
« ~K! 887 248 248
r* 0.756 1.143 0.756
T* 0.530 1.893 1.893
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and high temperature. We want to emphasize that although
all the simulations in this paper were carried out at the same
number density and temperature, the differences among the
reduced densities and temperatures are large. The states of
the different systems may be classified into three groups,
which are termed 1, 2, and 3 ~Table I!.
III. RESULTS
A. Single-particle dynamic properties
The dynamic behavior of single particles in liquids is or-
dinarily analyzed through the normalized velocity autocorre-
lation function C(t),
C~ t !5
^nW ~ t !nW ~0 !&
^n2~0 !& . ~1!
The C(t) functions for the systems in this paper show
marked differences ~for the sake of brevity these functions
have not been represented in this paper but they are plotted
in Ref. @12#!. The C(t)’s for the LM systems present a deep
minimum followed by pronounced oscillations whereas for
the LJ systems the minimum is shallower and the oscillations
are reduced to a shoulder. In the case of LJ3 both the mini-
mum and the shoulder can hardly be observed. The differ-
ences between the C(t) functions for LM and LJ liquids
should be mainly attributed to the different softness of their
potential cores. However, the depth of the minimum and the
width of the oscillations/shoulder of the C(t)’s for the purely
repulsive potentials are, in general, lower than those for the
corresponding full potentials, especially for the systems in
the state 1. This shows that the influence of the attractive
forces on C(t) may be important and cannot be generally
neglected.
It is very interesting to analyze the motions of single par-
ticles in liquids through the spectra of the velocity autocor-
relation functions C(v). The resulting C(v)’s for the sys-
tems at state 2 show a broad maximum that reflects the
oscillatory motions of the atoms in the cage of their neigh-
bors ~Fig. 2!. The close agreement between the C(v) func-
tions for LM2 and LJ2 and the corresponding ones for
RLM2 and RLJ2, respectively, shows that the influence of
the attractive forces is almost negligible and the oscillatory
atomic motions in very dense liquids are mainly due to
close-packing effects. Thus, the differences between the
C(v)’s for LM2 and LJ2 should be associated with the dif-
ferent softness of the potential cores. However, for the state 1
~at lower density! the influence of the attractive forces on the
C(v)’s is more significant. So, the peak of C(v) for LJ1 is
markedly lower than the one for LM1 ~the attractive forces
are weaker for the former! while for RLM1 and RLJ1 the
peak has practically disappeared. These findings indicate that
both the close-packing effects, which mainly depend on the
characteristics potential cores, and the attractive interatomic
interactions contribute significantly to the oscillatory atomic
motions in LM1 and LJ1. The results for state 3 are quite
different. The C(v) functions for LJ3 and RLJ3 are very
similar, showing continuous decays without any noticeable
maximum. These results reflect that atomic motions in liq-uids at low density and high temperature are mainly diffusive
and little influenced by the attractive interatomic interac-
tions.
Unlike for the LJ systems, the C(v) spectra for the LM
systems show an incipient side peak shifted towards the
higher frequencies ~Fig. 2!. The presence of this side peak,
which can also be observed for the RLM potentials, should
be related to the softness of the LM potential cores and is
consistent with earlier results for soft-sphere liquids @18#.
Another difference between the LM and LJ liquids is the
range of frequencies in the C(v) spectra. C(v) for the LM
systems is almost zero at frequencies higher than v
5100 ps21 whereas for the LJ systems there is a noticeable
contribution of these high frequencies ~Fig. 2!. These results,
which are also in accordance with those for soft-sphere liq-
uids @18#, suggest that the existence of rather slow collective
oscillatory motions in liquids is more difficult when the cores
of the interaction potentials are harder. The initial values of
C(v) reflect the contribution of the purely diffusive motions
to the spectrum, being C(0) directly related to the self-
diffusion coefficients.
The self-diffusion coefficients D have been determined by
integration of the C(t) function as well as from the long-time
slope of the mean-square displacement @3#. The results ob-
tained by the two methods are in good accord and they are
gathered in Table II. In all cases, the D coefficients for the
full potentials are lower than those for the corresponding
repulsive potentials, which corroborates that the diffusive
motions are hindered by the attractive interactions. This is
more notorious in the case of potentials that produce strong
attractive interactions, such as LM1. As may be observed in
Table II the values of D for RLM1 and RLM2 are larger than
those for RLJ1 and RLJ2, respectively. According to this
finding the values of the D coefficients should increase with
the softness of the potential cores.
Another property frequently employed to study the mo-
tions of atoms in liquids is the self-intermediate scattering
function Fs(k ,t) @3,19#,
FIG. 2. Spectra of the velocity autocorrelation functions for the
systems at the states 1 ~up! and 2 ~down!.
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(1029 m2 s21), k ~Å21!, S(0) (1022), hs (1024 Pa s), h l (1024 Pa s), and l ~J m21 s21 K21!.
LM1 RLM1 LJ1 RLJ1 LM2 RLM2 LJ2 RLJ2 LJ3 RLJ3
D 6.6 16.0 10.0 14.0 6.3 9.0 2.8 3.4 22.6 26.0
kL
max 1.84a 0.88 0.44 1.84 1.44 1.25 1.02 0.44 0.44
kT
min 0.25 1.02 0.88 1.25 0.25 0.44 0.25 0.25
kT
max 4.08 1.84 4.08 1.44 4.08 4.08 4.08 4.08
S(0) 2.5 3.0 3.0 2.0 2.0 1.5 1.5 8.0 5.5
hs 5.1 1.9 3.3 2.35 5.8 3.4 12.8 11.0 1.4 1.3
h l 8.5 3.2 60.5 4.4 8.6 5.6 24.3 15.1 2.4 2.3
l 1.3 0.8 1.0 1.0 1.3 1.2 1.5 1.5 0.8 0.7
aThe values of kL
max
, kT
min
, and kT
max correspond to one of the ten k values between 0.25 and 4.08 Å21, which
were considered in this study.Fs~k ,t !5^exp~2ikW@rW~ t !2rW~0 !# !&. ~2!
During the MD simulations we determined these functions
for ten values of k and the more representative results are
shown in Fig. 3. In the hydrodynamic limit, the Fs(k ,t) func-
tions should have an exponential behavior Fs(k ,t)
5exp(2Dk2t), where D is the self-diffusion coefficient. At
low k’s, our Fs(k ,t) functions, for a given k, show very slow
exponential decays, which are consistent with the hydrody-
namic predictions. Moreover, the rate of these decays
changes according to the values of the D coefficients. The
higher D is, the faster the Fs(k ,t) decay is. When k in-
creases, the decay of Fs(k ,t) becomes faster but the qualita-
FIG. 3. Normalized intermediate scattering functions at different
values of k.tive differences between the decay of the functions for the
different systems are similar to those observed at low k’s.
B. Dynamic structure factors and longitudinal
current correlations
The intermediate scattering functions F(k ,t) are defined
as @3,19#
F~k ,t !5N21^rk~ t !r2k~ t !&, ~3!
where
rk~ t !5(j51
N
exp@2ikWrW j~ t !# . ~4!
The dynamic structure factors S(k ,v) ~Figs. 4–6! were cal-
culated by Fourier transforming the F(k ,t) functions deter-
mined during the MD simulations. The S(k ,v) functions for
LJ1 are not included in Fig. 4 because the very slow decays
of the F(k ,t) functions at low values of k did not allow us to
obtain reliable S(k ,v) results. This anomalous behavior
should be associated with the extreme thermodynamic con-
ditions ~very low T* and r*) of this liquid model. In the
hydrodynamic regime, the S(k ,v) functions, for a given k,
should present a Brillouin peak at nonzero frequency that is
associated with the propagation of the density fluctuations
@3,19#. This Brillouin peak should disappear as k increases
and the behavior of the system approaches to that character-
istic of the kinetic regime. The maximum value of k for
which S(k ,v) shows a noticeable Brillouin peak (kLmax) was
determined for each system and the results are listed in Table
II. It should be noted that kL
max could not be accurately de-
termined because S(k ,v) was only calculated for ten values
of k. Moreover, the extinction of the Brillouin peaks as k
increases is gradual. During the MD simulations we also
determined the longitudinal-current correlation functions de-
fined as @3,19#
CL~k ,t !5
k2
N ^ jk
z ~ t ! j2kz ~0 !&, ~5!
PRE 60 555DYNAMIC PROPERTIES OF LENNARD-JONES FLUIDS . . .FIG. 4. Dynamic structure factor at low k values for the systems
at the states 1 ~left! and 2 ~right!.
FIG. 5. Dynamic structure factor at high k values for the sys-
tems at the states 1 ~left! and 2 ~right!.where jkz (t) is the part of the current function @ jWk(t)# that is
parallel to the direction of the wave vector kW . The current
function jWk(t) is given by
jWk~ t !5(
l51
N
nW l~ t !exp@2ikWrW l~ t !# . ~6!
The longitudinal current spectra @CL(k ,v)# calculated as the
Fourier transforms of the CL(k ,t) functions are in good
agreement with those obtained through the equation
CL(k ,v)5v2S(k ,v) @3,19#. The positions of the CL(k ,v)
peaks for each k were used to plot the longitudinal dispersion
curves ~Fig. 7!. These dispersion curves are close to those
obtained in the low-k region by visual inspection of the Bril-
louin peaks of S(k ,v) @11#. The initial slopes of the disper-
sion curves are closely related to the velocity of propagation
of the density fluctuations ~sound waves! in the liquid @19#.
The S(k ,v) results for low values of k corresponding to
the states 1 and 2, are shown in Fig. 4. The S(k ,v) functions
for LM2 show higher Brillouin peaks that spread over larger
values of k than those for LJ2 ~see kL
max in Table II!. This
suggests that the propagating longitudinal modes are better
sustained by liquid metals than by Lennard-Jones fluids. It
should be emphasized that the S(k ,v) functions for the full
potentials ~LM2 and LJ2! are very close to those for the
respective repulsive potentials ~RLM2 and RLJ2!. This con-
firms that the marked differences between the results for
LM2 and LJ2 should be attributed to the different softness of
their potential cores. If the results for RLM1 and RLJ1 are
compared, both the higher Brillouin peak ~Fig. 4! and the
larger kL
max value ~Table II! also correspond to the potential
FIG. 6. Dynamic structure factor for the systems at the state 3.
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fluence of the softness of the potential core on the propaga-
tion of longitudinal modes. Nevertheless, our results also
suggest that this influence is more marked in liquids at high
densities and the effects of the attractive forces become more
important as density decreases. This is consistent with the
noticeable differences between the S(k ,v) functions for the
LJ3 and RLJ3 potentials at low-k values ~Fig. 6!.
The Brillouin peaks for the LM2 and RLM2 potentials are
located at smaller values of v than the ones for the LJ2 and
RLJ2 potentials. Thus, the corresponding dispersion curves
show noticeable differences ~Fig. 7! and the adiabatic sound
velocity for the former systems is lower than that for the
second. As with S(k ,v), there are no noticeable effects of
the attractive interactions on the dispersion curves. It should
be noted that the sound velocity in liquid-alkali metals close
to the melting point is higher than that for rare-gas liquids
@3#, which is in disagreement with our results for state 2.
This discrepancy should be attributed to the different ther-
modynamic state of the compared real systems. It should be
emphasized that the results in this paper corroborate that the
lower the isothermal compressibility is @see S(0) in Table
II#, the higher the adiabatic sound velocity is. The results for
the state 1 are quite different from those for the state 2. The
Brillouin peaks for LM1, RLM1, and RLJ1 are located at
similar positions and the corresponding dispersion curves
~Fig. 7! as well as the adiabatic sound velocity show little
differences for these systems. According to our results the
influence of the softness of the potential core on the propa-
gation of the longitudinal collective modes depends on the
thermodynamic state of the system, being more marked at
lower packing fractions. It should be pointed out that, in
earlier studies of hard-core fluids @20,21#, the propagation of
collective modes was practically independent of the thermo-
dynamic state.
The influence of the attractive part of the LM potentials
on the S(k ,v) functions at higher wave numbers is more
FIG. 7. Longitudinal dispersion curves for the systems at the
states 1 ~up! and 2 ~down!.marked ~Fig. 5!. So, for example, S(k ,v) at k51.84 Å21
shows a clear Brillouin peak for both LM1 and LM2 whereas
there is no Brillouin peak for RLM1 and only a reminiscent
shoulder for RLM2. The effects of the attractive forces for
the LJ potentials are smaller than those for the LM poten-
tials, as corresponds to the weaker strength associated with
the attractive parts of the former. This is confirmed by the
close agreement between the S(k ,v)’s for LJ2 and RLJ2.
Moreover, the differences between the S(k ,v)’s for LJ3 and
RLJ3 at high k’s are rather small ~Fig. 6!. On the other hand,
it is interesting to point out that the discrepancies between
the S(k ,v)’s for RLM2 and RLJ2 are clearly larger than
those between RLM1 and RLJ1. Thus, also for high k’s, the
influence of the softness of the potential core on S(k ,v)
becomes weaker as the density decreases.
The static structure factors @S(k)# in the low-k region
were determined from the intermediate scattering functions
according to the relation S(k)5F(k ,0). The S(0) values,
which are proportional to the isothermal compressibility co-
efficients, were obtained by extrapolating the S(k) functions
@8,11#. The results are gathered in Table II. S(0) for LJ1
could not be accurately determined since the S(k) function
for this system shows a dramatic increase as k tends to zero.
This is consistent with the mentioned extremely slow decay
of F(k ,t) at low k’s. Except for LJ3 and RLJ3, the values of
S(0) for the different systems are similar, being the discrep-
ancies of the same order of magnitude than the estimated
errors in the determination of S(0) (6531023). The S(0)
results for LM2 and LJ2 suggest that the influence of the
attractive interactions is small for systems at high density
and temperature. However, it has been observed that both the
short-range attractive and the long-range oscillatory forces of
the LM1 potential have a large influence on S(0). Since the
two contributions are similar but in the opposite direction @8#
the S(0) values for LM1 and RLM1 are quite close. As with
S(k ,v), the values of S(0) for systems at low density are
significantly influenced by the attractive interatomic forces,
which is reflected by the different values of S(0) for LJ3 and
RLJ3.
As was already noted in Sec. I, the notorious differences
between the dynamical behavior of liquid metals and rare-
gas liquids were associated with the lower compressibility of
liquid metals ~liquid-alkali metals are significantly less com-
pressible than rare-gas liquids at states close to their melting
points!. This, in turn, was related to the softer core of the LM
potentials @3,19#. However, our findings suggest that the cor-
relation between the dynamical properties of a system and its
isothermal compressibility is not evident. So, the dynamic
structure factors and related properties of the liquids in the
states 1 and 2 show marked discrepancies, which are un-
doubtedly associated with the different softness of the poten-
tial cores, whereas the isothermal compressibility of these
systems are very similar.
C. Transverse current correlations
In order to analyze the propagation of shear modes we
determined the transverse current correlation functions and
the corresponding spectra, being the former defined as @3,19#
CT~k ,t !5
2
N ^ jk
x~ t ! j2kx ~0 !&, ~7!
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perpendicular to the direction of the wave vector kW . The most
significant CT(k ,v) results for the current transverse spectra
CT(k ,v) are shown in Fig. 8. The form of CT(k ,v), for a
given k, should be a Lorentzian at low k’s ~hydrodynamic
regime! and a Gaussian at high k’s ~kinetic regime!. How-
ever, it is well known that the CT(k ,v) spectra of dense
liquids can show a peak at nonzero frequency in the inter-
mediate k range. This peak, which reflects the propagation of
shear waves in the liquid, is attributed to viscoelastic effects.
We have obtained the maximum (kTmax) and minimum (kTmin)
wave vectors of the k interval at which a peak in CT(k ,v)
may be observed ~as for kL
max
, the values of kT
max and kT
min can
only be approximately estimated!. The kT
max and kT
min results
~Table II! are strongly dependent on the thermodynamic state
of the systems. The CT(k ,v) functions for the systems at the
state 2 show a peak for wider k intervals than the ones for the
systems at the state 1 whereas the CT(k ,v) functions corre-
sponding to the state 3 do not show any noticeable peak.
According to these findings, liquids at low density and high
temperature cannot sustain the propagation of shear waves.
Moreover, the comparison of the kT
max and kT
min values for the
full and the associated repulsive potentials prove that the
attractive interatomic forces significantly favor the propaga-
tion of shear waves. This may be unambiguously observed
from the CT(k ,v) results for the systems at the state 1
whereas the results for the systems at the state 2 are less clear
since the limits of the k intervals for which the CT(k ,v)’s
show a peak are in several cases beyond the maximum and
minimum values of k considered in this study. Note that
FIG. 8. Transverse current correlation functions at low k values
for the systems at the states 1 ~left! and 2 ~right!.there is close agreement between the CT(k ,v) functions for
LJ2 and RLJ2 for all the analyzed k’s while the functions for
LM2 and RLM2 show noticeable differences, which should
be attributed to the relatively strong attractive forces corre-
sponding to LM2. The dependence of the propagation of
shear modes on the softness of the potential cores is not so
clear as for longitudinal modes. The kT
min
-kT
max interval is
slightly wider for RLM1 than for RLJ1, which suggest that
propagation of shear waves can be favored by potentials with
soft cores. However, this is not corroborated by the results
for state 2 since kT
min for RLM2 is slightly higher than that
for RLJ2 (kTmax for both systems is higher than the maximum
value of k considered in this study!.
In the hydrodynamic regime @3,19#, the CT(k ,t) functions
show the typical exponential decay of diffusive processes
according to the equation CT(k ,t)5v02 exp(2ns k2t), where
ns[hs /rm is the kinematic shear viscosity. An exponential-
like time decay of the CT(k ,t)’s at low k’s has been observed
for the systems with the lowest viscosity ~LJ3, RLJ3!. How-
ever, the time decay of CT(k ,t) for a fixed k corresponding
to the systems with the highest viscosity ~LM1, LM2, LJ2,
and RLJ2! is clearly nonexponential even for the lowest
value of k considered in this study ~the hs coefficients are
given in Table II!. It should be noted that the decay of the
CT(k ,t) functions with a peak in their spectra must be non-
exponential. The correlation between the CT(k ,t) forms and
the hs values corroborates that the propagation of shear
modes is strongly associated with the viscoelastic effects.
D. Transport coefficients
The shear (hs) and longitudinal (h l) viscosity coeffi-
cients as well as the isothermal conductivity ~l! have been
calculated for the different systems in this paper by using
both the Green-Kubo equations and the Einstein-like rela-
tions @3,11,19#. The transport coefficients obtained from the
two procedures do not show significant discrepancies. A
summary of the resulting coefficients is given in Table II.
The values of the hs and h l coefficients for the RLM and
RLJ potentials show that the viscosity is higher for the
harder potential cores. Moreover, the influence of the soft-
ness of the potential core on the the viscosity coefficients is
more marked at higher-packing fractions. The value of l also
increases with the hardness of the potential core. The com-
parison between the results for the full and the corresponding
repulsive potentials shows that the attractive interactions pro-
duce an increase of the three transport coefficients.
IV. CONCLUDING REMARKS
The findings obtained in this paper corroborate that both
the velocity autocorrelation functions and the dynamic struc-
ture factors are strongly dependent on the softness of the
potential cores. According to earlier results for soft-sphere
fluids @18#, the Brillouin peaks in the S(k ,v)’s are more
remarkable and persist up to larger wave numbers for the
softer potentials. Our results suggest that soft core interac-
tions allow the coherence necessary for the collective mo-
tions of the atoms and the propagation of longitudinal
modes. However, the resulting CT(k ,v)’s show that the
propagation of shear modes is not very much influenced by
558 PRE 60M. CANALES AND J. A. PADRO´the softness of the potential cores. These results are consis-
tent with the differences in the range of wavelength over
which longitudinal and transverse modes propagate in rare-
gas liquids and liquid-alkali metals @3,5#. Moreover, they
confirm that the different dynamic behavior of LM and LJ
liquids should be mainly attributed to the different softness
of the potential cores.
Besides, our findings also show that the influence of the
attractive interactions on the dynamic properties can be im-
portant in some thermodynamic states. So, we have observed
that the different properties @C(t), S(k ,v), and CT(k ,v)# of
systems at low packing fractions are significantly dependent
on the effects of the attractive forces. For the same thermo-dynamic conditions, these effects are more marked for LM
than for LJ potentials, as corresponds to the weaker attrac-
tions of the second. At high packing fractions, the effects of
the attractive forces are screened out and the propagation of
longitudinal and shear modes is basically due to the almost
continuous collisions among the close atomic cores.
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